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(57) Abstract: Solid oxide fuel cells (SOFC) 
(10) based on mechanically durable honeycomb 
electrodes (3) supporting thin electrolyte (11) and 
counter electrode layers in selected honeycomb 
channels (1, 2) provide dependable operation and 
high volume power density through extended use 
cycles. 
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HONEYCOMB ELECTRODE FUEL CELLS 

This application claims the benefit of U.S. 
Provisional Application No. 60/173,399, filed 12/28/99, 
entitled "Honeycomb Electrode Fuel Cells", by Badding et 
al. 

Backgrou nd of the Invention 
The concept of using monolithic honeycomb structures 
to provide solid oxide fuel cells (SOFC) is well known. 
U.S. Patents Nos. 4,476,198 and 4,666,798, for example, 
describe fuel cell assemblies built up in complex fashion 
from honeycomb cell segments incorporating contacting 
electrolyte, anode, cathode, and interconnect layers that 
cooperate to impart the necessary strength and structural 
integrity to the completed cell. Alternate channels of the 
honeycomb monolith are fed with fuel and oxidant (e.g., 
air) respectively - yielding a large current -generating 
active area. Anticipated advantages of honeycomb 
configurations include an increase in volume power density 
(power per unit of fuel cell volume) . 

Common features of many of these prior art fuel cell 
designs are cell segments based on an interconnecting 
honeycomb or sheet framework of electrolyte material onto 
or within which the electrodes are subsequently deposited 
or attached. One difficulty with this approach is that 
neither the electrolyte framework nor the attached 
electrodes alone impart any real structural strength to 
the cell assembly. At most these structures have been 
self-supporting, and relatively susceptible to mechanical 
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damage from even the thermal stresses regularly 
encountered in use. 

Because good SOFC performance requires low 
electrolyte resistance, especially at lower temperatures 
(below 800°C.) where low cost metallic components may be 
employed, the use of thicker stronger electrolyte 
honeycomb structural members is not a viable remedy. In 
the case of yttria-stabilized zirconia, for example, which 
is a favored SOFC electrolyte, an electrolyte layer 
thickness of less than about 50 microns will probably be 
needed for acceptable fuel cell performance. The 
fabrication of honeycombs having defect-free walls of such 
thickness, especially by means of economic forming 
processes such as direct honeycomb extrusion, is not 
presently feasible. Hence alternative honeycomb fuel cell 
designs, especially if enabled by inexpensive forming 
processes not requiring the direct formation of thin- 
walled electrolyte structures, would be desirable. 

Summary of the Invention 
In accordance with the invention a solid oxide fuel 
cell design based on a fuel cell electrode of honeycomb 
structure is provided. The honeycomb electrode, which may 
be the anode or the cathode of the fuel cell, incorporates 
gas -permeable interconnecting walls forming parallel 
channels extending from one face to the other of the 
honeycomb. The channels are open-ended to allow for the 
free flow of fuel or oxidant gases therethrough. 

The electrolytes and counter-electrodes in these fuel 
cell designs are provided as coatings within selected, 
e.g., alternate, channels of the honeycomb structure. 
That is, plural electrolyte layers are provided on the 
walls of selected channels within the honeycomb, and 
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counter-electrode layers are deposited on top of those 
electrolyte layers to form the electrode/electrolyte/ 
counter-electrode structure required for fuel cell 
operation. 

When the honeycomb electrode is to function as the 
anode or fuel side of the fuel cell, those honeycomb 
channels selected to carry the oxidant for the cell will 
be provided with electrolyte and cathode layers, while the 
alternate or anode channels will be left uncoated. As in 
conventional honeycomb fuel cell designs, the cathode or 
oxidant channels will share gas-permeable channel walls 
with the anode or fuel channels to allow the fuel-oxidant 
reactions to occur at the electrolyte. 

Honeycomb electrode fuel cells provided in accordance 
with the invention offer significant electrical and 
mechanical advantages over conventional fuel cells of 
honeycomb structure. The gas-permeable honeycomb 
electrodes can be as heavy as needed to provide the 
required mechanical durability for the cell without 
compromising electrical performance. The use of a ductile 
metal or metallic honeycomb electrode structure 
substantially improves the thermal shock tolerance of the 
structure, and the use of extrusion processes to form the 
honeycomb electrodes, whether of metallic or ceramic 
structure, provides a significant cost advantage. Finally 
the significant electrochemical performance advantages of 
extremely thin electrolyte layers can be fully realized 
since the electrolytes are not required to provide any 
structural support whatever to the fuel cell assembly. 
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Description of the Drawings 
The invention is further illustrated in the appended 
drawings, wherein like parts are identified by like 
numbers : 

5 Figs. 1-la present schematic top plan and perspective 

views of a honeycomb electrode supporting electrolyte and 
counter-electrode coatings within the honeycomb channels; 

Fig. 2 is an exploded perspective view of a fuel cell 
assembly incorporating honeycomb electrode and manifolding 
10 components; 

Fig- 3 provides a schematic cross -sectional view of 
an electrical series connection between adjacent honeycomb 
electrode fuel cell components; 

Fig. 4 presents elevational and top plan cross- 
15 sectional views of a fuel cell incorporating honeycomb 
electrodes; and 

Figs. 5a-5b schematically illustrate alternative cell 
designs for honeycomb electrodes provided in accordance 
with the invention. 

20 

Detailed Description 
The "building block* of the SOFC design of the 
invention is a porous honeycomb electrode structure, 
typically a section or slice of an extruded honeycomb 

25 shape, which is the substrate upon which the SOFC is 

built. A plurality of channels within the honeycomb are 
coated with active materials with an adjacent set of 
channels left empty. If the substrate is an anode 
material, air is directed to the coated channels while the 

30 empty channels provide for fuel access. If the substrate 
is a cathode material, fuel is directed into the coated 
channels while empty channels provide for air access-. 
Within the active material channels, a fuel cell 
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comprising an anode, cathode and electrolyte is formed. 
The structure of the fuel cell depends upon the material 
comprising the honeycomb structure. 

Figs. 1-la of the drawings provide a schematic 
illustration of a fuel cell design wherein the supporting 
honeycomb electrode is an anode. Referring to those 
figures, a fuel cell element 10 incorporates a gas- 
permeable supporting honeycomb structure 3 formed of an 
anodic material such as porous metallic nickel . m the 
fuel cell of Figs. l-i a , alternating cells 1 of the anode 
support are provided with a dense, non-porous ceramic 
electrolyte layer 11 formed, for example of yttria- 
stabilized zirconia, while in alternating cells 2 the 
anode surfaces are left uncoated. Over electrolyte layer 
11 in coated cells l is provided a cathode layer 12. This 
layer is typically formed of a catalytically active, 
electronically conductive material that promotes oxygen 
dissociation at the electrolyte while at the same time 
providing the electronic conductivity required for cell 
function. 

Optional additional layers can be included within the 
structure to optimize electrical performance: These 
include catalytically active layers disposed on the 
electrode, or on or between the electrolyte and counter- 
electrode layers, for purposes such as activating fuel 
species or the like. -For example, as is well-known in the 
art, a nickel-zirconia cermet layer may be deposited on a 
substantially porous nickel honeycomb to lower the anode 
interface resistance, other optional layers include 
current distribution layers or elements positioned against 
electrode or counter-electrode surfaces to reduce the ' 
resistance of the cell to electron flow. 
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Examples of suitable cathode materials effective to 
improve oxidation efficiency within the cell are lanthanum 
strontium manganite, lanthanum strontium chromite, and 
certain silver alloys. Examples of suitable current 
5 distribution elements include silver, silver alloys, and 

high- temperature-stable base metal alloys such as Y203-Fe- 
Cr-Ni. Such current distribution elements for these cells 
may be provided as over layers or separate structures such 
as inserted metal felts, or even provided in intimate 

10 admixture with selected cathode materials. 

As previously suggested, a particular advantage of a 
fuel cell of the design above described is that the dense 
ceramic electrolyte layers deposited within the channels 
of the honeycomb do not need to contribute to the 

15 structural strength of the cell. Therefore, the 

electrolyte layers grown or otherwise deposited within the 
honeycomb channels may have only such thickness as is 
required to provide the required electrical and chemical 
isolation between electrodes. Electrolyte layers of thin 

20 cross-section (e.g., less than about 50 microns in 

thickness) should be used if cells of high electrical 
power density (e.g., power densities in excess of 0.25 
watts/cm2) are to be provided. 

In honeycomb fuel cell designs such as hereinabove 

25 described, current flow parallel to the direction of 

channel flow is required. The length of the honeycomb 
channels, or the width of a honeycomb slice taken 

* 

transverse the axes of the channels, then determines the 
current path length for each fuel cell element so 
30 constructed. In effect, for any specified cell internal 

resistance, the honeycomb slice width for the cell will be 
limited by the conductivity of the current distribution 
elements. 
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In the case of an anode- supported honeycomb 
structure, the use of a relatively highly conductive 
nickel honeycomb composition provides acceptable 
electronic conductivity for the cell at relatively high 
slice widths, if honeycomb wall thicknesses on the order 
of 100 micrometers or more are provided. Current 
distribution on the cathode side is somewhat more 
difficult due to the lower electronic conductivity of 
currently available cathode materials. However, the use 
of silver or silver alloy current distribution layers of 
only a few microns thickness covering the cathode layers 
allows current paths (slice widths) of a centimeter or 
more to be employed with resistive losses that are 
acceptable for economic cell performance. 

As is apparent from the above description, the active 
elements within any one honeycomb cell provided as 
described are in electrical parallel, since they share a 
common anode. Voltage building in stacks of these fuel 
cells is thus best accomplished by interconnecting the 

* ■ 

cathode channels or elements of one honeycomb structure to 
anode channels or elements of its adjacent honeycomb 
structure . 

Figs 2 and 3 of the drawings illustrate one method 
for increasing voltage output using a simple stacking 
arrangement. Fig. 2 of the drawings is an exploded view 
of a portion of a fuel cell stack wherein two honeycomb 
fuel cell elements 10 are to be connected by a plural air 
tube structure 4 incorporating a tube array of hollow 
tubes 7 for interconnecting the cathode (air or oxidant) 
channels 1 of adjacent honeycomb elements 10. The tubes 
are made of a high- temperature-stable conductive material 
such as an oxidation-resistant metal, and are sized for 
insertion into the cathode channels of the two elements to 
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be connected. Thus the tubes provide for both oxidant 
distribution and electrical interconnection within the 
cell- At the same time, alternate openings 8 within tube 
structure 4 provide paths for fuel distribution within the 

5 stack. 

As shown in more detail in the partial cross- 
sectional view of Fig. 2, air tube structure 4 includes a 
conductive base plate 6 to which conductive tubes 7 are 
sealed. Disposed on conductive base plate 6 are opposing 
10 insulating coatings 5 designed to prevent short circuiting 
of the cells which would result from conductive bridging 
of adjacent anode and cathode channels by the conductive 
base plate. 

A suitable method for providing voltage-building 

15 anode-to-cathode electrical interconnections within stacks 

incorporating air tube structures of the type shown in 
Fig. 2 is illustrated in Fig. 3. In that illustration, 
insulating elements 9 prevent electrical contact between 
the lower end of each conductive tube 7 and cathode layer 

20 12 in lower honeycomb element 10' ', while at the upper 

end of tube 7, conductive sealing material 15 provides 
electrical contact and a gas seal between the tube and 
cathode layer 12 of upper honeycomb element 10'. 

Electrical interconnection between the bottom end of 

25 tube 7 and the anode of lower honeycomb element 10 " is 
provided by conductive sealing material 16 which also 
provides a gas seal preventing any leakage of air or other 
oxidant from channel 1 during cell operation. The desired 
cathode-to-anode connection is thus made by seal 16 

30 through tube 7 and seal 15. 

Sealing and electrical contact with the anode or fuel 
side of the cell is relatively straightforward since the 
atmosphere at the contact is a reducing (fuel) atmosphere. 
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However, contact at the cathode requires a conductive 
material that is also stable in a high- temperature 
oxidizing environment. Silver and silver alloys are 
examples of materials that can provide the required 
stability. 

Fig. 4 of the drawing provides schematic elevational 
and plan views of an arrangement for a fuel cell stack 
incorporating a plurality of honeycomb cells 
interconnected in series as shown in Fig. 3. Multiple 
honeycomb elements 10 are mounted within gas-tight 
enclosure 18 through which air is passed via air inlet 22 
and air outlet 24. Fuel is delivered to the cell array 
through fuel inlet 26, and is exhausted via fuel outlet 
28. Cell elements 10 are separated from the wall of 
enclosure 18 by spacers 17 which electrically isolate the 
cells from the wall but allow fuel circulation to exterior 
anode surfaces of cells 10. 

The honeycomb cells within enclosure 18 are 
physically separated from each other by air tube 
structures 4 but electrically interconnected as in Fig. 
3. Electrical power is drawn from the stack through 
positive electrical lead 30 and negative electrical lead 
32, these being connected to the cathode of the uppermost 
cell and the anode of the lowermost cell, respectively. 
The mixing of air and fuel at the top and bottom of the 
stack is prevented by air tube manifold end plates 8 which 
deliver and exhaust air from the stack via tubes 7 while 
maintaining separation between the air and fuel streams at 
the top and bottom of the stack. Further voltage increases 
can be achieved by the appropriate interconnection of 
adjacent fuel cell stacks within an enclosure for the 
delivery of fuel and oxidants in conventional fashion. 
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operation does not necessarily require shape, size or 
surface area equivalence between the oxidant and fuel 
channels provided in the cell. m Figs. 5a and 5b of the 
5 drawing illustrate two alternative honeycomb designs 

wherein the air or oxidant channels 1 differ in size and 
shape from the fuel channels 2. Thus honeycomb channel 
structures used in accordance with the invention will be 
designed to balance process cost, thermal shock tolerance, 

10 manifolding ease, and active area as required for each 
particular fuel cell application. 

In Fig. 6a, the honeycomb electrode structure is 
provided with fuel and air channels separated into 
alternate rows. This structure may be conveniently 

15 manifolded in a manner similar to the honeycomb heat 

exchangers described, for example, in U.S. Patent No. 
4,271,110. The active area of the cell is increased 
through the use of the larger air channels which contain 
the electrolyte and cathode layers. 

20 Fig. 6b shows a honeycomb composed of hexagonal and 

triangular channels wherein each hexagonal air or oxidant 
channel 1 is surrounded by six triangular fuel channels 2. 
The triangular channels are shared by three hexagons, 
yielding a triangle : hexagon ratio of 2:1. In this case, 

25. the wall area of both types of channels is equal. 

However the open area of the hexagonal channel is six 
times greater than the triangular channels, providing 
better access for various electrolyte and cathode coating 
processes . 

30 Other potential advantages of this geometry over a 

simple checkerboard geometry include greater tolerance in 
air feed tube insertion, so that the mis feeding of large 
air tubes into small fuel channels cannot occur. Also, 



WO 01/48855 PCT/US00/30261 

-li- 
the segregation of coating materials in channel corners is 
less problematic with hexagonal channels than with square 
channels. Finally, depending on the channel dimensions, ■ 
advantage can be taken of the different channel sizes to 
5 facilitate selective coating. Thus with coating or 

masking solutions of appropriate viscosity, differences in 
channel wall wetting behavior arising from differences in 
capillary action can effect the selective coating of only 
one class of channels in a honeycomb partially immersed in 
10 a solution leaving other classes of channels completely 

open . 

All of the considerations arising in the construction 
and use of fuel cells based on honeycomb- structured anodes 
apply with equal advantage and effect to the construction 

15 of fuel cells wherein mechanical support is provided by a 

honeycomb composed of cathodic material. The same oxide 
mixtures or compounds used to provide cathode coatings in 
the channels of honeycomb anodes can be extruded or 
otherwise formed and sintered to provide strong, highly 

20 oxidation resistant honeycomb cathodes. Thin electrolyte 

and anode coatings can then be applied to the channels of 
the honeycombs to provide effective and dependable 
electrical performance without any need for additional 
structural support from the electrolytes or anode 

25 materials employed. 
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I claim: 

1. A solid oxide fuel cell element comprising: 

an integral electrode of .honeycomb shape • 
5 incorporating interconnecting walls forming parallel 

channels extending from a first face to a second face of 
the honeycomb shape; 

plural electrolyte layers disposed on the walls of 
selected ones of the channels; and 
10 plural counter-electrode layers disposed the 

electrolyte layers. 

2. A solid oxide fuel cell element in accordance with 
claim 1 wherein the electrode is an extruded honeycomb 

15 shape. 

3. A solid oxide fuel cell element in accordance with 
claim 1 wherein the electrode is a porous conductive 
metallic anode of extruded honeycomb shape. 

20 

4. A solid oxide fuel cell element in accordance with 
claim 1 wherein the metallic anode is composed of porous 
nickel, nickel alloy, or nickel cermet. 

25 5. A solid oxide fuel cell element in accordance with 

claim 1 wherein the selected channels on which the 
electrolyte layers share channel walls with channels not 
supporting electrolyte layers. 



30 



6. A solid oxide fuel cell element in accordance with 
claim 1 wherein the electrolyte is composed predominantly 
of zirconia. 
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7 . A solid oxide fuel cell element in accordance with 
claim 3 wherein the counter-electrode layers are composed 
of a cathodic material selected from the group consisting 
of lanthanum strontium manganite, lanthanum strontium 
chromite, and silver alloy. 




Fig. 3 



WO 01/48855 



3/3 



PCT/USOO/30261 




Fig. 4 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/US00/30261 



A. CLASSIFICATION OF SUBJECT MATTER 
IPC(7) :H01M 8/10, 2/00, 8/00 
US CL : 429, 30, 34. 40, 12, 38, 39 
According to International Patent Classifi cation (IPC) or to both national classification and IPC 
a FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
U S. : 429. 30, 34, 40, 12. 38, 39 



Documentation searched other than minimum documentation to the 



extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data 



Please See Extra Sheet. 



base and. where practicable, search terms used) 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 1 



Citation of document, with indication, where appropriate, of the relevan t passages 

7 U 37 '2? T, A ^ SAKI et aJ > 15 K*ruaiy 2000, col. 3, lines 
7-37, col. 4, lines 23-59 



Relevant to claim No. 
1-7 



2*2*? t^r et d) 28 December »»• «*■ * 1 « 

US 4, 883,497 A (CLAAR et al) 28 November 1989, col. 3, lines) 1-7 



Further documents are .isted in the continuation of Box C. Q See patent famiiy annex. 



"A" 

"E- 
■L- 

■o- 



SpeciaJ categories of cited documentor 

^Tp^SKK - ,tote » — — 

earlier document published on or after the mternational filing date ' X ' 

document which may throw doubts on priority elaim(s) or which is 
cited U, establish the publication date of archer ciuui™ TeoZ 
tpecral reason (as specified) , y . 

doojmem referring to an oral disclosure, u, e . exhibition or other 



Daie of the actual completion of the international search 
18 DECEMBER 2000 

Name and mailing address of the ISA/US 
Commissioner of Patents and Trademarks 
Box PCT 

Washington. DC. 20231 
Facsimile No. ( 703) 305-3230 

Form PCT/ISA/210 (second sheet) (July 1998)* 



later document pubhshed after the international filing date or priority 

ST nn^S m ? Wi * *" W^^n but chid to underhand 
the principle or theory underlying the invention 

c d ~° f P^cuiar relevance; the claimed invention cannot be 

SnSSed VhSST re,e r aaee -. the cUmcd mention cannot be 
comh^I? 5. mveotrve step when the document is 

combmed w,th one or more other such documents, such combing 
bemg obvtom to a penon skilled in the art 

document member of the same patent family 

Date of mailing of the international search report 



15FEB200T 

Authorized officer 



Angela J. Martin 
Telephone No. (703) 308-0661 



Jean Proctor 9j 
Paralegal Specialist 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/USOO/30261 



B. FIELDS SEARCHED 

Electronic data bases consulted (Name of data base and where practicable terms used): 



EAST 

search terms: solid oxide fuel cell (SOFC), honeycomb electrode, zirconia (Zr) electrolyte, lanthanum strontium 
manganite or chromite. silver alloy 



Form PCT/ISA/210 (extra sheet) (July 1998)* 



